ABSTRACT The study was conducted to evaluate if aflatoxin B 1 (AFB 1 ) has the capacity to affect the electrophysiological variables and active glucose uptake in jejunal epithelium of chicken. For this purpose, intestinal segments from the middle jejunum of broilers (35 to 39 d old) were incubated in Ussing chambers in the presence of 0 (vehicle control), 1.25, 2.50, and 3.75 µg of AFB 1 /mL of buffer. After 40 and 60 min of incubation with AFB 1 , d-glucose (20 mmol/L) and carbamylcholine (200 µmol/L; an analog of acetylcholine and inducer of apical Cl − secretion) were respectively added to the incubation medium. Addition of 3.75 µg of AFB 1 caused an increase (P < 0.04) in short-circuit current (I sc ) and transmural potential difference (V t ) between 12 to 27 min postexposure as compared with the control. Glucose-induced ΔI sc and percentage of ΔV t were reduced (P < 0.04) at 2.5 and 3.75 µg of AFB 1 /mL, respectively, as compared with the control. The carbamylcholine-induced ΔI sc and ΔV t were both lower (P < 0.05) at 3.75 µg of AFB 1 /mL as compared with the control (−0.05 µA/cm 2 , 0.1 mV vs. 1.1 µA/cm 2 , and 0.6 mV, respectively). These observations indicate that acute exposure to AFB 1 may increase apical anion secretion in the jejunal epithelium of chicken. The negative effect of this increased anion secretion on active glucose uptake was, however, not prominent and may be considered as moderate or progressive in nature.
INTRODUCTION
Aflatoxins, the toxic secondary metabolites of various Aspergillus spp., are commonly encountered in a wide variety of tropical and subtropical feeds (Galvano et al., 2005) . These are difuranocoumarin compounds and mainly include aflatoxins B 1 , B 2 , G 1 , G 2 , and M 1 . The most toxic and commonly occurring aflatoxin in feed is aflatoxin B 1 (AFB 1 ). To date, much work has been done to explore the hepatotoxic, carcinogenic, and immunosuppressive effects of AFB 1 (Bennett and Klich, 2003; Yunus et al., 2008) . However, the literature available on the effects of AFB 1 on the gastrointestinal tract remains scanty.
The available reports encompassing the effects of AFB 1 on the gastrointestinal tract have been mostly focused on gut histology and immunity. In this regard, reduced cell proliferation (Fleming et al., 1994) and induction of genotoxicity (Watzl et al., 1999) in intestines of mice exposed to AFB 1 have been documented. Dietary AFB 1 has also been noted to decrease lipid content in the large intestine of broilers (Warren and Hamilton, 1980) and glycoprotein content in the intestine of mice (Gaikwad and Pillai, 2004) . Furthermore, the toxin acts in synergy with fumonisins in affecting intestinal barrier function in porcine intestinal epithelial cell lines (García et al., 2007) . Recently, low levels of AFB 1 have been reported to alter the intestinal morphology and function in chicken (Applegate et al., 2009) . Overall, these studies indicate that AFB 1 negatively affects intestinal morphology and barrier function. Contrary to the aforementioned parameters, the studies attempting to explore intestinal absorptive function during AFB 1 exposure are not conclusive. In this connection, the earlier experiments of Ruff and Wyatt (1976) showed that in vitro intestinal absorption of methionine and glucose increase when 10 µg of AFB 1 /kg of diet is fed to chickens for more than 1 wk. Contrary to this, Chotinski et al. (1987) found that 0.6 µg of AFB 1 /kg of diet suppressed the activity of Na + / K + -ATPase in the small intestinal mucosa of broilers. In the case of enzymes related with nutrient transport, Tomková et al. (2002) noted increased activity of alka-line phosphatase in intestinal mucosa of mice during the first week of oral exposure to 0.2 mg of AFB 1 /kg of BW. However, activity of the enzyme decreased by 27% after 3 wk of the treatment.
Recently, Gursoy et al. (2008b) have reported that acute AFB 1 exposure can evoke acetylcholine-sensitive contractions in the rat ileum. One effect of acetylcholine and other cholinergic secretagogues is to increase basolateral K + efflux and apical Cl − secretion in epithelia (Winding et al., 1992) . Increased apical anion secretion is known to reduce Na + uptake in jejunal epithelium (Chandan et al., 1991) , which can then indirectly reduce active glucose absorption. However, these aspects have not been addressed until now. The present study was therefore conducted to test if AFB 1 exposure can affect ion channel activity in the jejunal epithelia of chicken and if such an effect is also reflected in terms of reduced active glucose absorption. For this purpose, we studied electrophysiological variables including shortcircuit current (I sc ), tissue conductivity (G t ), and transmural potential difference (V t ) of jejunal epithelium from broilers during in vitro exposure to AFB 1 . An increase or decrease in these variables in response to AFB 1 would indicate changes in the activity of epithelial ion channels in response to the toxin. We further investigated the effects of AFB 1 on electrophysiological variables induced by glucose and carbamylcholine (carbachol). The latter compound is an analog of acetylcholine and mimics its effects in inducing Ca ++ -activated Cl − secretion in isolated epithelia.
MATERIALS AND METHODS

Birds and Diets
All of the experimentation was done at the Institute of Animal Nutrition, Freie Universität Berlin. Oneday-old Cobb broiler chicks were brooded and reared under standard husbandry conditions regarding the deep litter system according to the Animal Welfare Act (Tierschutzgesetz). Birds were fed ad libitum during brooding and rearing with diets containing or exceeding the nutrient recommendations of the NRC (1994). The birds were slaughtered at the age of 35 to 39 d with stunning followed by bleeding.
Chemicals
Aflatoxin B 1 was purchased in crystalline state from Biopure Referenzsubstanzen GmbH (Tulln, Austria), and its stock solution was made as 1 mg of toxin in 4 mL of ethanol. Stock solution of carbamylcholine chloride (Sigma-Aldrich Handels GmbH, Vienna, Austria) was prepared as 3.5 mg of the compound in 1 mL of distilled water. Stock solution of d-glucose (glucose) was also prepared in distilled water.
For Ussing chamber studies and isolation of jejunal segments, a modified Krebs-Ringer buffer as described by Awad et al. (2008) was used; the composition (mmol/L) was as follows: NaCl, 115; KCl, 5; CaCl 2 , 1.2; MgCl 2 , 1.2; NaH 2 PO 4 , 0.4; Na 2 HPO 4 , 2.4; NaH-CO 3 , 25; and mannitol, 20. The pH of the buffer was adjusted to 7.4. For isolation and incubation of jejunal segments for short durations, the buffer was aerated for 10 min with carbogen gas (95:5, CO 2 :O 2 ). Except for aflatoxin and carbachol, all chemicals were purchased from Sigma-Aldrich Chemie GmbH (Schnelldorf, Germany).
Tissue Preparation
Jejunum (between the end of the duodenum and Meckel's diverticulum) was removed within 3 min after slaughter and washed with chilled (1 to 4°C) buffer 2 to 3 times. Afterward, it was cut into 3 equal pieces and kept in buffer with constant gassing with carbogen. Surrounding fat and serosa were carefully removed from the jejunum by using surgical forceps. For mounting in Ussing chambers, approximately 2-cm pieces from the middle jejunum were used. These small segments were opened longitudinally along the mesenteric border and washed with buffer. The mucosal surface (apical) of the jejunal segments was touched as little as possible. Segments from the upper jejunum were used in specific cases when the middle jejunum was of insufficient length to cover all of the chambers. In these cases, the portion nearest to the middle jejunum was used.
Ussing Chamber and Electrical Measurements
Aforementioned jejunal segments were mounted on Ussing chambers (K. Mussler Scientific Instruments, Aachen, Germany) having an opening area of 1 cm 2 . Experiments were conducted simultaneously in 5 chambers. The apical and basolateral sides of the tissues were each bathed with 15 mL of buffer at 38°C. Continuous gassing with carbogen was provided on both the mucosal and serosal sides to ensure oxygenation and circulation of the buffer by gas lift.
Electrophysiological variables including V t (mV), I sc (µA/cm 2 ), and G t (mS/cm 2 ) were measured by using a voltage-clamp apparatus based on the original technique to measure these variables (Ussing and Zerahn, 1951) . These variables were recorded by using clamp software, Version 8.00 (K. Mussler Scientific Instruments). The resistance of buffer and electrode potential was determined before the tissues were mounted in the chambers and these variables were automatically compensated during the actual experiment.
AFB 1 , Glucose, and Carbachol Addition
The tissues were first incubated in Ussing chambers under open-circuit conditions for 15 min and then were short-circuited by clamping them to 0 mV. After 5 min of incubation under short circuit conditions, AFB 1 so-lution (250 µg/mL) was added to the apical side at levels of 0 (vehicle control), 5, 10, and 15 µL. These levels were calculated to give the final concentration of AFB 1 in the respective chambers as 0.0, 1.25, 2.50, and 3.75 µg/mL of buffer. Ethanol was added to the respective chambers at the rate of 15, 10, 5, and 0 µL to ensure an equal level of solvent in each chamber. After addition of AFB 1 , tissues were monitored for 40 min to note any change in electrophysiological variables induced by the toxin. Then, 300 µL of concentrated glucose solution was added to the apical side of each chamber to achieve a 20 mmol/L final glucose concentration. All of these observations were repeated on jejuna from 8 birds. On jejunal segments from 6 of these birds, we also added carbachol (200 µmol/L), an inducer of Cl − secretion through cytosolic Ca ++ and basolateral K + efflux, to the basolateral side after 20 min of the addition of glucose. Tissue survival was checked in some experiments by adding either glucose or amiloride as control (1 compound on intestinal segments from 1 bird), after 30 to 60 min of the addition of carbachol. A simplified overview regarding various steps in this methodology is presented in Table 1 .
Data and Statistical Analysis
Effects of AFB 1 on electrophysiological variables were assessed by comparing I sc , V t , and G t in different chambers after addition of the toxin and until addition of glucose. Effects of AFB 1 on glucose-and carbacholinduced electrophysiological variables were assessed by comparing unit change (Δ) in I sc , V t , and G t in different chambers in response to glucose and carbachol addition, respectively. To calculate glucose-induced electrophysiological variables, the basal values of each electrophysiological variable were defined as an average of respective values obtained 3 min before the addition of glucose (Table 1) . These basal values were subtracted from the respective 3-min averages (peak response) observed immediately after the addition of glucose. In the case of carbachol-induced electrophysiological variables, the basal values were also defined as an average of 3 min before the addition of carbachol. However, the peak response in this case was taken as an average of 5 min immediately after the addition of carbachol. This was done because carbachol was added to the basolateral side having muscularis, which hinders immediate absorption of the compound. Paired-samples t-test was applied on data by using SPSS Version 13 (SPSS GmbH Software, München, Germany).
RESULTS
Electrophysiological Variables After Addition of AFB 1
After the first 12 min of exposure of the intestinal segments to 3.75 µg of AFB 1 /mL, an increase in V t and I sc was noted, which lasted for 15 min (until 27 min postexposure). The average values of electrophysiological variables during 12 to 27 min postexposure to vehicle or various levels of AFB 1 are presented in Table  2 . The average V t and I sc under 3.75 µg of AFB 1 /mL at this time were higher (P < 0.04 and P < 0.03, respectively) than those under the vehicle control. The average values of electrophysiological variables during other time points or the total average during 40 min of exposure (data not presented) were not significantly different under any treatment. Basal I sc 3.4 ± 1.1 b 3.2 ± 1.0 ab 3.7 ± 0.4 ab 4.5 ± 0.5 a Basal V t 1.5 ± 0.7 b 1.9 ± 0.6 ab 2.7 ± 0.2 ab 2.9 ± 0.3 a Basal G t 1.8 ± 0.1 1.9 ± 0.2 1.5 ± 0.1 1.8 ± 0.2 a,b Means not having a common superscript differ significantly within a row (P < 0.05). 1 Data presented as mean ± SE. 2 I sc = short-circuit current; V t = transmural potential difference; G t = tissue conductivity.
After 40 min of incubation, the electrophysiological variables (I sc and V t ; presented as basal I sc and V t in Table 3 ) tended to be higher under AFB 1 treatments as compared with the vehicle control. However, these differences were not significant statistically.
Glucose-Induced Electrophysiological Variables
The effects of AFB 1 on glucose-induced electrophysiological variables in Table 3 indicate that the ΔI sc under 1.25, 2.50, and 3.75 µg of AFB 1 /mL was lower by 38, 24, and 10%, respectively, as compared with the vehicle control. However, only the ΔI sc under 2.50 µg of AFB 1 /mL was statistically different (P < 0.04) as compared with the vehicle control. Regarding ΔV t , the values under 1.25, 2.50, and 3.75 µg of AFB 1 /mL were 33, 8, and 25% lower, respectively, than the ΔV t under the vehicle control. However, no statistical significance could be observed for ΔV t under any treatment. The highest level of AFB 1 resulted in a significantly (P < 0.04) lower percentage of ΔV t as compared with the vehicle control. Basal G t values were 1.7 ± 0.1, 1.8 ± 0.1, 1.4 ± 0.1, and 1.7 ± 0.2 mS/cm 2 under 0.0 (vehicle control), 1.25, 2.50, and 3.75 µg of AFB 1 /mL, respectively. No AFB 1 level affected basal G t or ΔG t . Overall, the glucose-induced electrophysiological variables under AFB 1 treatments tended to be lower than those under control, but there was not a consistent decreasing trend with increasing levels of the toxin.
Carbachol-Induced Electrophysiological Variables
Data regarding effects of AFB 1 on carbachol-induced electrophysiological variables are presented in Table 4 . The basal I sc values tended to be higher under AFB 1 treatments with statistical significance (P < 0.05) only under the highest level of the toxin. While inferring these data, it should be noted that the basal values of I sc and V t used to calculate carbachol-induced response in Table 4 are in fact those values (peak I sc and V t ) seen during the latter period of the incubation with glucose (i.e., at 18 to 20 min after the addition of glucose). In the case of these starting values of I sc in Table 4 , reduced glucose absorption may be indicated under 3.75 µg of AFB 1 /mL. However, no significant differences could be noted when glucose-induced ΔI sc or ΔV t during this latter period was calculated (data not presented) by subtracting the respective basal values before addition of glucose (basal values in Table 3 ) from the peak values at 18 to 20 min after addition of glucose (shown as basal values in Table 4) .
The values for carbachol-induced ΔI sc were 27 and 91% lower under 1.25 and 2.50 µg of AFB 1 /mL, respectively, as compared with the control, but there were no statistically significant differences. However, at 3.75 µg of AFB 1 /mL, the carbachol-induced ΔI sc was significantly lower (P < 0.05) than the control. The same trend was noted for V t because only the highest level of AFB 1 imparted significant difference on carbachol- Basal I sc 4.9 ± 1.2 b 5.1 ± 0.9 ab 5.4 ± 1.0 ab 6.1 ± 1.2 a Carbachol-induced ΔI sc 1.1 ± 0.7 a 0.8 ± 0.7 ab 0.1 ± 0.2 ab −0.05 ± 0.4 b Carbachol-induced %ΔI sc 9.9 ± 12.3 a 11.4 ± 14.4 ab 1.9 ± 3.8 ab −6.3 ± 7.2 b Basal V t 3.3 ± 0.6 2.9 ± 0.5 4.1 ± 0.6 3.8 ± 0.7 Carbachol-induced ΔV t 0.6 ± 0.4 a 0.5 ± 0.3 ab 0.2 ± 0.2 ab 0.1 ± 0.3 b Carbachol-induced %ΔV t 11.7 ± 11.6 a 12.3 ± 12.3 ab 3.9 ± 4.6 ab −2.0 ± 6.9 b a,b Means not having a common superscript differ significantly within a row (P < 0.05). 1 Data presented as mean ± SE.
induced ΔV t as compared with the control. Basal G t values were 1.6 ± 0.2, 1.8 ± 0.2, 1.4 ± 0.1, and 1.8 ± 0.2 mS/cm 2 under 0.0 (vehicle control), 1.25, 2.50, and 3.75 µg of AFB 1 /mL, respectively. Carbachol-induced G t was not affected by any level of AFB 1 .
DISCUSSION
Electrophysiological Variables After Addition of AFB 1
A change in Ussing chamber-based V t and I sc of epithelial membranes in response to toxins-drugs is an indicator of altered activity of ion transporters (BlazerYost et al., 2005) . Such changes in electrophysiological variables of epithelial membranes indicate a net change in the anionic and cationic fluxes. Mostly this occurs due to a change in either Cl − or Na + transport across the epithelial membranes. In the present study, a significant increase in V t and I sc was noted between 12 to 27 min postexposure of tissues to 3.75 µg of AFB 1 / mL. This increased V t and I sc may be either due to increased absorption of cations (Na + ) or due to increased secretion of anions (Cl − ) from the luminal border of epithelium. A decreased response from glucose and carbachol at 3.75 µg of AFB 1 /mL, as discussed in the following sections, indicates that the higher V t and I sc after exposure to AFB 1 could be a result of increased anion secretion, specifically Cl − secretion.
Literature on effects of AFB 1 on epithelial ion function is scanty. One report of Chotinski et al. (1987) partly addresses this issue in chicken. These authors reported that AFB 1 at 0.6 µg/kg of diet suppresses the activity of Na + /K + -ATPase in the small intestinal mucosa of broilers. Although we did not study the effect of AFB 1 exposure on electrophysiological response from ouabain (a specific blocker of Na + /K + -ATPase) or amiloride (a specific blocker of the epithelial sodium channel), the increase in V t and I sc after exposure to 3.75 µg of AFB 1 /mL apparently negates specific or direct inhibition of Na + /K + -ATPase in our experiments. However, indirect inhibition of the epithelial sodium channel and subsequent reductions in active glucose uptake are possible during conditions of increased apical Cl − secretion (Berdiev et al., 2009; Kusche-Vihrog et al., 2009 ). In the present study, we also noted reductions in some of the glucose-induced electrophysiological variables with AFB 1 exposure. In spite of these observations, it is yet possible to have a different picture during in vivo trials offering prolonged exposure to the toxin. This is because a prolonged exposure to AFB 1 during in vivo trials may induce apoptosis and alter the intestinal epithelia to the extent that it manifests itself in terms of reduced activity of Na + /K + -ATPase. This notion is supported by recent reports documenting necrotic lesions throughout the intestine of broilers exposed to low levels of AFB 1 (Rao and Vardhani, 2008; Kumar and Balachandran, 2009 ).
Regarding species other than chicken, AFB 1 has been indicated to act in synergy with fumonisins in affecting intestinal barrier function in porcine intestinal epithelial cell line (García et al., 2007) . Among the electrophysiological variables studied in the present report, G t is a good indicator of ionic permeability of tight junctions and reflects intestinal barrier function. A lack of significant effects of AFB 1 on G t in our study indicates that a 40-min incubation time might be too short to note such an effect in jejunal epithelia of broilers.
Glucose-Induced Electrophysiological Variables
There was no consistent effect of AFB 1 treatments on glucose-induced electrophysiological changes. The ΔI sc was affected at 2.5 µg of AFB 1 /mL, at which level there was no significant reduction in ΔV t or percentage of ΔV t . Similarly, percentage of ΔV t was negatively affected at 3.75 µg of AFB 1 /mL, but there was no significant reduction in ΔI sc or percentage of ΔI sc at this dose. These limited effects in the present study indicate that there was no direct modulation of sodium-dependent glucose cotransporter 1. Second, we used ethanol to dissolve AFB 1 with final concentration of the alcohol as 0.1% of the buffer. In this regard, we have recently observed that ethanol at a 0.1% concentration can increase the glucose-induced ΔI sc and ΔV t without affecting carbachol-induced electrophysiological variables in the jejunal epithelium of broilers (A. W. Yunus, unpublished data). Thus, the inconsistent effects of AFB 1 on glucose-induced electrophysiological variables might also be due to the use of ethanol as a solvent. The glucose-induced response that we are reporting in this study was comparable to that previously reported for similar tissues by Awad et al. (2008) .
There is a dearth of information on the effects of AFB 1 on glucose uptake in intestinal epithelia. Furthermore, the available literature in this connection is not conclusive. The only available report regarding chickens is of Ruff and Wyatt (1976) , who showed that in vitro intestinal absorption of methionine and glucose is increased when 10 µg of AFB 1 /g of diet is fed to chickens for 2 to 3 wk. Inhibition studies by these authors showed that both the mediated and diffusion components of absorption increase with inclusion of AFB 1 in diets. Contrary to this, Carrillo et al. (1985) reported that AFB 1 exposure does not affect glucose uptake in the everted rat jejunum. The present results partly support the observations of Carrillo et al. (1985) and it can be concluded that AFB 1 has no direct effects on glucose uptake in the jejunal epithelia of chicken. However, a longer exposure during in vivo trials may lead to different results. Even in the trials of Ruff and Wyatt, the authors noted that a prolonged exposure of birds to AFB 1 was necessary to note the effects on glucose absorption because the birds fed toxin only for 1 wk absorbed glucose at the same rate as controls receiving no aflatoxin. These conclusions are also supported by a report from Tomková et al. (2002) , who noted different effects of AFB 1 on the activity of intestinal alkaline phosphatase at the first and third week postexposure in mice. The main contribution of our study about effects of AFB 1 on glucose absorption is that the previously noted in vivo observations may not be a direct modulation of sodium-dependent glucose cotransporter 1 through binding or through modulation of secondary messengers by the toxin.
Carbachol-Induced Electrophysiological Variables
In the present study, we noted a peak response from carbachol at 5 min postinduction. This is well in agreement with that reported earlier for human colonic cell lines by Dharmsathaphorn and Pandol (1986) . Carbachol is an analog of acetylcholine, which mimics its effects in increasing basolateral K + efflux and Ca ++ -dependent apical Cl − secretion. The increased carbachol-induced apical Cl − secretion is the basis of increased I sc observed with use of the drug (Haberberger et al., 2006) . In a study on duodenal segments from chicken, the degree of contractile response from carbachol was noted to be lower during bacterial infections (Sanni et al., 2005) . These authors proposed that tissue damage and subsequent changes in receptor population during bacterial infections might be the reason behind the lower response from carbachol in their study. Similarly, higher intracellular Ca ++ is generally observed in cells undergoing apoptosis. Previously, higher liver Ca ++ levels as a consequence of AFB 1 -induced hepatic lipid peroxidation were also observed in rats (Toskulkao and Glinsukon, 1988) . Thus, one explanation for reduced carbachol response in our study can be tissue damage of a nonspecific nature, which could have reduced response from carbachol. However, tissue damage and induction of apoptosis decrease the I sc and V t values (Awad et al., 2008) . In the present study, there was rather an increase in both the I sc and V t between 12 to 27 min postexposure to 3.75 µg of AFB 1 /mL (Table 2) , and the tissues under all of the treatments responded well during the survivability test. This indicates that reduced response to carbachol in the present experiment might not be a result of nonspecific tissue damage but a cholinergic increase in intracellular Ca ++ and basolateral K + efflux coupled with apical Cl − secretion. This inference is in line with the recent observations of Gursoy et al. (2008a,b) . These authors noted increased muscarinic activity in ileal and colonic tissues of rats during in vitro exposure to AFB 1 .
It is known that higher Ca ++ -mediated Cl − secretion decreases Na + absorption through epithelial sodium channels (Chandan et al., 1991; Berdiev et al., 2009 ). In such a case, active glucose absorption is also reduced. This phenomenon can explain some of the lower glucose-induced electrophysiological variables associated with AFB 1 exposure as observed in our study. In conclusion, the present study provides evidence that AFB 1 exposure can result in increased apical anion secretion in the intestinal epithelia. Under the present experimental conditions, this increased anion secretion did not appear to prominently affect active glucose uptake. More in vitro and in vivo experiments are, however, required to further elucidate these effects of AFB 1 and their practical significance.
